Shell quality has been identified as a heritable trait that can be manipulated by genetic selection. Previous research has concluded that many methods of determining shell quality produce variable results. With the development of newer, more precise measuring technologies, shell strength can now be assessed in a consistent, objective fashion. A research project was conducted to determine what role shell strength might play in affecting external Salmonella Enteritidis contamination of egg contents. Visibly clean eggs were collected from an in-line shell egg-processing facility at the accumulator. Eggs were inoculated by dipping in a concentrated suspension of nalidixic acid-resistant Salmonella Enteritidis. After storage, eggs were assessed for shell strength and both external and internal Salmonella Enteritidis contamination. In the first study, there was a significant difference (P Ͻ 0.05) in shell strength among the three replicates. No differences between treatments were found for shell strength or Salmonella Enteritidis contamination of contents. In the second study, there were no replicate differences for any of the monitored factors. When rinsate and content samples were enriched, 100% of the rinsates were positive for Salmonella Enteritidis. No content samples were shown to be contaminated with Salmonella Enteritidis during direct plating, but 3 to 5% of the samples from each replicate were positive after enrichment. Correlation analysis of the results from each study found only weak correlations between shell strength and Salmonella Enteritidis contamination on eggshell surface or contents. Within the range of shell strengths recorded in this study, the correlation analysis suggests that shell strength does not play a major role in Salmonella Enteritidis contamination. Further work with eggs that represent a greater range of shell strengths could provide a clearer indication of the interaction of shell strength and Salmonella Enteritidis contamination.
Genetic selection constantly occurs in the poultry industry to enhance production efficiency, meet consumer demands, and improve product quality. It can affect egg production, egg size, feed efficiency, body weight, stress responses, and many other factors (1, 5, 9, 11 14) . Petersen (17) determined that shell quality is affected by genetic selection. Oosterwoud (16) later reported a negative correlation between eggshell strength and hen productivity. Other researchers have also found eggshell thickness to be related to genetic strain and hen age (18) . Genetic changes in commercial laying hens have also led to significant differences in egg size and shape (21) .
Salmonella Enteritidis has been found inside freshly laid eggs (6, 8) . Transovarian and oviducal contamination occur less frequently than trans-shell contamination (13) . Salmonella Enteritidis can also enter the egg through external contamination. Catalano and Knabel (3) and Miyamoto et al. (15) reported on the ability of Salmonella Enteritidis to penetrate shell eggs due to postprocessing chilling. Stokes et al. (20) identified several factors that can influence the ability of external Salmonella Enteritidis to enter the egg, such as shell porosity, shell membrane thickness, and concentration of natural antimicrobials. All of these factors were discussed as factors that could be altered, intentionally or unintentionally, through genetic selection.
The current study was conducted to determine what correlation, if any, could be found between eggshell strength and Salmonella Enteritidis penetration and contamination. If such a correlation exists, primary breeders could begin to consider eggshell strength as a selection factor against Salmonella Enteritidis penetration.
MATERIALS AND METHODS
Egg collection. This project consisted of two separate studies. Each study was performed in three replicates. For the first study, 120 visibly clean eggs were collected into clean pulp flats from an inline shell egg processing facility at the accumulator. In the second study, 60 eggs were collected in the same manner. For both studies, eggs were collected on three different days (replicates). After transport to the laboratory, the eggs were transferred to clean plastic flats and placed in a 42ЊC incubator for approximately 20 to 22 h. Before inoculation began, eggs were candled to evaluate structural integrity. All cracked eggs were removed from the sample. For the first study, the remaining eggs were divided into two groups, inoculated and uninoculated (controls). In the second study, all sound eggs were inoculated. Sigma N-4382, Sigma-Aldrich Co., St. Louis, Mo.). Thirty of the prewarmed eggs were placed into a sterile stainless steel basket and dipped for 10 s in the 4 to 5ЊC inoculum. The eggs then drained in the basket for 1.5 min before being placed into clean plastic flats and allowed to dry for 10 min before being stored in a 25ЊC incubator (Revco BOD-50, Revco Technologies, Asheville, N.C.) for 7 days. Gast and Beard (7) have found Salmonella Enteritidis isolation to be greater in eggs stored for 7 days at room temperature compared with eggs stored at 7.2ЊC. Temperature and humidity were monitored during storage (Cox Recorder, Cox Technologies, Belmont, N.C.). Control eggs were dipped in sterile buffered peptone water and stored in the same manner as inoculated eggs.
Egg sampling. After 7 days of storage at 25ЊC, each egg was sampled for Salmonella Enteritidis levels and shell strength on the eggshell surface and in the contents. Each egg was first rinsed for 1 min in 10 ml of 42ЊC sterile phosphate buffered saline (10). Rinsates were plated (100 l) onto duplicate BGS-NAL plates and incubated at 37ЊC for 24 h, then colonies were enumerated. After rinsing, eggs were dipped in 70% ethanol and allowed to dry to sterilize the shell surface.
Afterward, shell strength was determined with a texture analyzer (TA.XT2 Plus, Texture Technologies Corp., Scarsdale, N.Y.) equipped with an egg holder (TA-650, Texture Technologies Corp.) and 75-mm aluminum compression disc (TA-30, Texture Technologies Corp.) . The egg was oriented so that the probe made contact with the large end of the egg. A 5-kg load cell and 2 mm/s head speed were used. Trigger force was set at 0.001 kg. Maximum force at the point of shell failure was recorded as grams of force.
Individual egg contents were subsequently collected in sterile sample bags. Contents were stomached (Seward 400 Stomacher, Seward Ltd., London, England) for 1 min at normal speed (230 rpm). Aliquots (250 l) were plated onto duplicate BGS-NAL plates and incubated for 24 h at 37ЊC before enumeration.
Enrichment procedures.
In the second study, rinsates and contents were enriched with buffered peptone water and incubated at 37ЊC for 24 h. Enriched samples were streaked onto BGS-NAL and incubated for 24 h at 37ЊC. The presence or absence of Salmonella Enteritidis was then recorded.
Statistical analysis. Data were analyzed via the general linear model procedure of SAS statistical software (19) . Means were separated by the least square method, with treatment and replicate as the main effects. Pearson's correlation coefficients were determined by the correlation procedure of SAS statistical software.
RESULTS AND DISCUSSION
The effect of treatment on shell strength and Salmonella Enteritidis counts on the eggshell surface and contents for study 1 is given in Table 1 . There was no difference in shell strength for control and inoculated eggs. Average shell strengths for these treatments were 3,737.90 and 3,653.97 g of force, respectively. Inoculated eggs had average eggshell surface contamination rates of 3.18 log CFU/ml of Salmonella Enteritidis. There was a significant difference for shell strength among the three replicates (Table 2 ). Replicate 1 had an average shell strength of 3,859.11 g of force compared with 3,627.57 and 3,601.13 g of force for replicates 2 and 3, respectively. There were no replicate differences for Salmonella Enteritidis counts on eggshell surface or contents.
The results of the correlation analysis for study 1 are presented in Table 3 . Although the correlation between shell strength and Salmonella Enteritidis counts on the eggshell surface was statistically significant (P ϭ 0.02), the P value was very low (Ϫ0.13), which showed there was only a slight negative correlation between the two factors. No significant correlations were found between shell strength and Salmonella Enteritidis contamination of egg contents or between eggshell surface contamination and egg content contamination. The data were separated by treatment and the correlation analysis conducted again for the inoculated eggs only, and the results were almost identical; therefore, for the purpose of brevity, the summary of analysis has been excluded from this article.
Because of the relatively low number of positive eggs found in the three replicates of the first study, a second study was conducted that included Salmonella Enteritidis enrichment. Shell strength and Salmonella Enteritidis counts for eggshell surface and contents were similar to those found in the first study (Table 4) . When samples were enriched, 100% of eggshell surface samples were positive for Salmonella Enteritidis. During direct plating of egg con- tents, only one of the inoculated eggs was found to be positive for Salmonella Enteritidis. After enrichment, 5.2, 3.5, and 5.2% were found to be Salmonella Enteritidis positive for replicates 1, 2, and 3, respectively. A correlation analysis was conducted for data collected in study 2 and is presented in Table 5 . The results of the correlation analysis are similar to those from study 1. No significant correlations were found. The inoculation technique used in this study used a temperature differential between the warm eggs (42ЊC) and cold inoculum (4 to 5ЊC) to encourage migration of the Salmonella Enteritidis into the egg. Furthermore, eggs were stored at 25ЊC for 7 days before sampling. Eggs used in this study had not been commercially washed and therefore probably had intact cuticles, which could have decreased Salmonella Enteritidis migration into the contents. Dried cuticle has been identified as a ''resistance network,'' preventing biological attack of the egg (2) . Washing has been identified as a factor that can cause partial removal of the cuticle.
Eggshell quality has been difficult to ascertain due to the variable nature of the eggs. Lin et al. (12) reported that the nonhomogenous and irregular shape of the egg leads to challenges in assessing eggshell stress or strain. For this reason, care was taken to uniformly place eggs in the designed holder with the large end up so the force was always applied in the same manner on each egg. Shell strengths varied from approximately 3,600 to 3,900 g of force among the replicates. Results were somewhat variable, with significant differences only being seen between replicates in the first study. The advent of new technologies that allow for objective methods of shell strength determination proves more consistent than many of the more subjective shell strength detection methods used in the past.
Correlation analysis did not find any strong negative or positive correlations between shell strength and Salmonella Enteritidis contamination on or in the egg. Although considering shell strength in genetic selection could aid in physical product quality, within the range of shell strength recorded in this study, currently there is no demonstrated linkage between shell strength and Salmonella Enteritidis contamination. Further work, including an enrichment procedure with iron supplementation (4) for the detection of Salmonella Enteritidis in the contents, may provide greater insight into the correlation of shell strength and Salmonella Enteritidis penetration.
